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Abstract
General Neutrino Interactions (GNI) are scalar, pseudoscalar, vector, axial vec-
tor or tensor interactions of neutrinos with fermions, and generalise the often
studied neutrino Non-Standard Interactions (NSI). If GNI arise from heavy new
physics, they should be embeddable into effective field theory operators that re-
spect the Standard Model (SM) gauge symmetry. Therefore we consider a full
basis of gauge-invariant dimension-six operators involving SM fermions and right-
handed singlet neutrinos and map their Wilson coefficients onto GNI parameters.
In this embedding we discuss correlations of and bounds on different GNI in the
context of charged lepton flavour violation processes and neutrino-fermion scat-
tering, as well as beta decay and coherent neutrino-nucleus scattering. We also
study possible UV completions of the relevant dimension-six operators for GNI
via leptoquarks that can be related to radiative neutrino masses and B physics
anomalies. Details on the numbers of free GNI parameters for Dirac or Majorana
neutrinos and for CP violation or conservation are also provided.
1
1 Introduction
As neutrino physics is entering the precision era, structures beyond their Standard
Model (SM) interactions can be probed. This paper will focus on new neutrino in-
teractions of scalar, pseudoscalar, vector, axial vector and tensor type, which we will
denote as General Neutrino Interactions (GNI). Interpreting GNI as an effect of high
scale new physics leads to effective field theories (EFTs) as the suitable framework to
describe them in a model-independent way.
Indeed, a subset of GNI has long been parametrised by Wilson coefficients of non-
renormalisable dimension-six operators, namely the so-called Neutrino Non-Standard
Interactions (NSI) [1, 2]. Those are vector-type interactions of neutrinos with charged
fermions. Like GNI, they are described via EFT operators below the electroweak scale
that respect the residual SU(3)C × U(1)em gauge symmetry. On the other hand, in
collider physics different EFTs have been established, most prominently the Standard
Model Effective Field Theory (SMEFT), which describes physics around and above the
weak scale respecting the full SU(3)C × SU(2)L ×U(1)Y SM gauge group. In order to
compare results, one needs to match the operators of the two EFTs at the weak scale
which seperates the respective domains of validity. This has been performed in [3]
including all possible operators below the weak scale.
However, it turns out that many of the GNI cannot be produced as a low-energy
limit of SMEFT operators. In this work, we therefore extend the SMEFT with right-
handed neutrinos N , which we abbreviate by SMNEFT. This is rather well motivated
extension, given that neutrinos are massive. We find that indeed almost all GNI can be
produced from four-fermion operators in the SMNEFT. Subsequently we investigate in
which cases detectable GNI and interesting correlations between different GNI parame-
ters are possible. We choose here coherent elastic neutrino-nucleus scattering (CEνNS)
and beta decay as an attractive example. At the example of charged lepton flavour
violation (CLFV) searches, we also demonstrate how powerfully charged-fermion ob-
servables can constrain deviations from standard neutrino-fermion scattering when in-
terpreted in SM(N)EFT. Finally, we show that viable UV complete scenarios exist that
lead to the effective SMNEFT operators after integrating out heavy leptoquarks, some
of which are candidates to explain radiative neutrino masses and B physics anomalies.
This article is structured as follows. In section 2, we outline the construction and
parametrisation of the low-energy EFT, namely GNI, and the high-energy EFT, namely
SMNEFT, before discussing the operator matching. Phenomenological aspects of this
matching are discussed in section 3. In particular, we find that constraints on CLFV
place strong bounds on some flavour-changing neutrino interactions. On the other
hand, we find that interesting correlations between beta decay modifications and dis-
tortions of the recoil spectrum in CEνNS could be testable. The UV completions via
heavy leptoquarks are discussed in section 4 before summarising and concluding in
section 5.
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Spin SU(3)C SU(2)L U(1)Y
l 1/2 1 2 −1
N 1/2 1 1 0
e 1/2 1 1 −2
q 1/2 3 2 1/3
u 1/2 3 1 4/3
d 1/2 3 1 −2/3
ϕ 0 1 2 1
Table 1: Fermionic and scalar field content employed in this work. The vacuum expectation
value (vev) of ϕ in unitary gauge reads 〈ϕ〉 = 1√
2
(
0, v
)T
. The electric charge operator
is defined by Q = I3 + Y/2, where I3 is the third generator of weak isospin and Y the
hypercharge operator.
2 EFT below and above the weak scale
If one is to consider effects of new physics of some high scale Λ on processes at a lower
energy scale µ ≪ Λ in a model independent way the suitable framework is an EFT
composed by operators involving the fundamental (or composite) fields relevant at the
scale µ and respecting the symmetry structure of the theory at this scale. Effects of
the new physics may manifest themselves in non-renormalisable operators of dimension
d ≥ 5, such that one can expand
Leff = LSM +
∑
i
∑
n≥5
1
Λn−4
CiO(n)i , (1)
where Ci denotes the dimensionless Wilson coefficient of the operator Oi, operators of
higher mass dimension are suppressed by respective factors of Λ−n, and Λ is considered
as the cutoff of the EFT. Here, we will be concerned with dimension-six operators
suppressed by Λ−2. However, we will instead parametrise the Wilson coefficients with
respect to the Fermi constant
√
8GF , such that they can be directly compared to the
strength of the weak interactions.
In the following, we will specify two such EFTs by introducing GNI as a low-energy
example and the effective field theory of the SM above the weak scale (SMEFT) en-
hanced by right-handed neutrinos as a high-energy example (SMNEFT). Subsequently,
we discuss the matching between both descriptions.
2.1 General Neutrino Interactions
In this section we consider an EFT of the SM below the weak scale. Namely, dimension-
six operators are composed of the SM fields with masses below the weak scale, that
is, leptons, quarks (except for top), photons and gluons which transform under the
gauge group SU(3)C×U(1)em. However, we confine ourselves with operators involving
3
j
(∼)
ǫj Oj O′j
1 ǫL γµ(1− γ5) γµ(1− γ5)
2 ǫ˜L γµ(1+ γ
5) γµ(1− γ5)
3 ǫR γµ(1− γ5) γµ(1+ γ5)
4 ǫ˜R γµ(1+ γ
5) γµ(1+ γ5)
5 ǫS (1− γ5) 1
6 ǫ˜S (1+ γ
5) 1
7 −ǫP (1− γ5) γ5
8 −ǫ˜P (1+ γ5) γ5
9 ǫT σµν(1− γ5) σµν(1− γ5)
10 ǫ˜T σµν(1+ γ
5) σµν(1+ γ5)
Table 2: Coupling constants and operators appearing in generic neutral-current (2) and
charged-current Lagrangians (3).
neutrinos and exclude photon or gluon couplings. Our notational convention for the
fermion and scalar fields is summarised in Table 1. Imposing Lorentz and gauge in-
variance under strong and electromagnetic interactions while excluding four-neutrino
operators due to their very hard detectability finally leaves the GNI Lagrangians1
LNC = −GF√
2
10∑
j=1
(
(∼)
ǫj,f
)αβγδ
(ναOjνβ)
(
f γO′jfδ
)
, (2)
LCC = −GFVγδ√
2
10∑
j=1
(
(∼)
ǫj,ud
)αβγδ
(eαOjνβ)
(
uγO′jdδ
)
+ h.c., (3)
where f = e, u, d, Greek indices run over flavour, V denotes the CKM matrix, and
ǫj , ǫ˜j , Oj, and O′j are given in Table 2. The entries of the ǫ flavour-space matrices
are dimensionless and encode the strength of an interaction type j with respect to
the SM Fermi interaction. The index j runs from 1 to 10 because there are five
Lorentz-invariant operators for general Dirac fermions, but ten for chiral fermions, see
Table 2. Note that we take the second fermionic bilinear of each line, (2) and (3),
in the mass basis. Although we did not write a mixing matrix factor in the neutral-
current term, one should note that in contrast to the SM, the interaction parameters
can be different in flavour and mass basis. In the charged-current term, we followed
the convention of factoring out explicitly the CKM matrix. However, in general one
has to be careful about factors of V when translating the interaction parameters from
mass to a particular flavour basis, as discussed in the next section. The fact that we
1 The reader may be more familiar with a different parametrisation of Lorentz-invariant four-
fermion operators due to Lee and Yang [4] and is in this case referred to appendix A for the mapping
between both parametrisations.
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omitted adding the hermitian conjugate in (2) can be accounted for by demanding that
ǫαβγδL =
(
ǫβαδγL
)∗
, ǫ˜αβγδL =
(
ǫ˜βαδγL
)∗
, ǫαβγδR =
(
ǫβαδγR
)∗
, ǫ˜αβγδR =
(
ǫ˜βαδγR
)∗
,
ǫαβγδS =
(
ǫ˜βαδγS
)∗
, ǫαβγδP = −
(
ǫ˜βαδγP
)∗
, ǫαβγδT =
(
ǫ˜βαδγT
)∗
.
(4)
There are a few comments in order about the Lagrangians (2) and (3). The well-
studied NSI, see [1,2] for reviews, constitute a subset of the GNI, namely ǫL and ǫR, i.e.
j = 1, 3; they involve only left-handed neutrinos. All the other operators involve right-
handed neutrinos. The effective description by these non-NSI operators is reasonable
only for the case of sufficiently light right-handed neutrinos appearing in the interaction,
namely either Dirac partners or charge conjugates of the SM neutrinos. Right-handed
sterile neutrinos of sufficiently low mass (not necessarily seesaw candidates) could also
appear in the interaction. In this article, we will simply assume the existence of at
least one such light state and investigate the implications on GNI. For definiteness and
simplicity, one may imagine a right-handed electron neutrino.
In the case of Majorana neutrinos or additional symmetries (like charge-parity or
flavour), additional constraints can be set on the neutral-current parameters, reduc-
ing the number of free parameters considerably.2 This is discussed in full detail in
appendix A. Here we only present the number of free parameters under different as-
sumptions in Table 3. It is interesting to note that the detection of certain types of
interactions which are only compatible with Dirac neutrinos, e.g. flavour-conserving
tensor interactions, can rule out the Majorana neutrino scenario, while the Dirac sce-
nario cannot be ruled out in this way [6–8]. Note that in the charged-current case (3),
relations such as in Table 3 in general do not hold.
As a final remark, we note that another attractive property of the scalar and tensor
interactions is that in their presence, the magnetic moment of the neutrino could be
orders of magnitude larger than in standard scenarios, even within detector reach [9].
This is a consequence of the chirality flipping nature of the interaction, such that
the leading diagram involving a charged-fermion loop is no longer proportional to the
neutrino mass, but to the mass of the charged fermion, which is orders of magnitude
larger.
2.2 SMEFT with right-handed neutrinos
In the previous section, we discussed GNI as an EFT below the weak scale, considering
dimension-six operators that respect the residual SU(3)C × U(1)em gauge symmetry.
However, we know that above the weak scale the full SM gauge symmetry is restored,
such that a suitable EFT should respect the SM gauge structure. Accordingly, it
should consist of gauge-invariant operators that are built from fields in representations
of the full SM gauge group (see Table 1). Therefore, as symbolised in (1), we will have
2 In the Majorana case, there are also lepton number violating operators such as (ν¯ce)(d¯RuL),
which, however, can not be generated by dimension-six operators [5].
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Dirac Majorana CP-invariant Majorana +
CP-invariant
All indices free 810 432 423 225
γ = δ = fixed 90 48 51 27
Flavour-
diagonal and
γ = δ = fixed
30 18 21 12
Table 3: Number of free parameters in the general neutral-current Lagrangian (2) under
different assumptions, for fixed charged-fermion type f , either electron-type lepton, up-type
quark or down-type quark. By γ = δ = fixed, we mean that we take γ = δ and assign a
definite generation number to it. By flavour-diagonal we mean that ǫαβγδ ∝ δαβ . Details are
found in appendix A.
all the operators present in the SM Lagrangian and, in the case that we expect new
physics at a scale higher than the weak scale, effects of such new physics encoded in
higher-dimensional operators (d ≥ 5) built from the same fields. This EFT above the
weak scale is the previously mentioned SMEFT pioneered in [10, 11]. See e.g. [12] for
a review of SMEFT and related concepts.
Ideally, one would expect that the GNI Lagrangians (2), (3) emerge as the low-
energy limit of SMEFT. However, as pointed out in [13], both the GNI ansatz (or the
general EFT below the weak scale therein referred to as “weak EFT”), and the SMEFT
can be considered on an independent footing, which becomes relevant if there are new
particles in the mass range of tens of GeV or if the electroweak symmetry is realised
non-linearly in the new physics sector. In this work, however, we will assume that the
low-energy theory can be matched to the high-energy EFT and discuss implications of
this assumption.
A non-redundant basis of SMEFT dimension-six operators was given in [11] whose
notation conventions we adopt here.3 A subset of these operators is given in the upper
parts of Tables 4 and 5. However, as the SMEFT can only produce a subset of GNI
connected with left-handed neutrinos [14, 15], we also include right-handed neutrino
singlets N , which constitute a well-motivated extension of the SM. The additional
operators involving right-handed neutrino singlets N were presented in [16], which we
partially rearrange to be more suitable with respect to neutrino interactions.4 We
are interested in those kind of operators that involve interactions of neutrinos, either
with gauge bosons and the Higgs, or among four fermions, of which at least one is
charged. The four-fermion operators involving neutrinos are listed in Table 4, and the
fermion-boson-mixing operators in Table 5, where in both cases the SMEFT operators
3The only change is O(1)eluq and O(3)eluq being relabelled Oeluq and O′eluq to avoid confusion with
SU(2) triplet product operators like O(3)lq and for brevity.
4In particular, we switch from the basis elements {OlNqd,OldqN} to {OlNqd,O′lNqd}.
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(LL)(LL) and (RR)(RR) (LL)(RR) (LR)(RL) and (LR)(LR)
Oll (lαγµlβ)(lγγµlδ) Ole (lαγµlβ)(eγγµeδ) Oelqd (eαljβ)(qjγdδ)
O(1)lq (lαγµlβ)(qγγµqδ) Olu (lαγµlβ)(uγγµuδ) Oeluq (eαljβ)ǫjk(uγqkδ )
O(3)lq (lαγµτ I lβ)(qγγµτ Iqδ) Old (lαγµlβ)(dγγµdδ) O′eluq (eασµν ljβ)ǫjk(uγσµνqkδ )
ONe (NαγµNβ)(eγγµeδ) ONl (NαγµNβ)(lγγµlδ) ONlel (Nαljβ)ǫjk(eγlkδ )
ONu (NαγµNβ)(uγγµuδ) ONq (NαγµNβ)(qγγµqδ) OlNqd (l
j
αNβ)ǫjk(q
k
γdδ)
ONd (NαγµNβ)(dγγµdδ) O′lNqd (l
j
ασµνNβ)ǫjk(q
k
γσ
µνdδ)
OeNud (eαγµNβ)(uγγµdδ) OlNuq (ljαNβ)(uγqjδ)
Table 4: Four-fermion dimension-six operators that give rise to neutrino interactions including
only SM fields (upper sections) and including SM fields and sterile neutrino singlets (lower
sections).
ψ2ϕ3 ψ2Xϕ ψ2ϕ2
Oeϕ (ϕ†ϕ)(lαeβϕ) OeW (lασµνeβ)τ IϕW Iµν O(1)ϕl i
(
ϕ†D~
~
µϕ
) (
lαγ
µlβ
)
OeB (lασµνeβ)ϕBµν O(3)ϕl i
(
ϕ†τ ID~
~
µϕ
) (
lατ
Iγµlβ
)
ONϕ (ϕ†ϕ)(lαNβϕ˜) ONW (lασµνNβ)τ Iϕ˜W Iµν OϕN i
(
ϕ†D~
~
µϕ
) (
Nαγ
µNβ
)
ONB (lασµνNβ)ϕ˜Bµν OϕNe i
(
ϕ˜†Dµϕ
) (
Nαγ
µeβ
)
Table 5: Fermion-boson-mixed dimension-six operators that give rise to neutrino interactions
including only SM fields (upper sections) and including SM fields and sterile neutrino singlets
(lower sections).
are listed in the upper parts, and the operators involving right-handed neutrinos are
listed in the lower parts. Apart from those, there exist four-fermion operators for the
interactions among four neutrinos, and the two lepton- and baryon-number violating
operators
OqqdN = CqqdNαβγδ (qiαǫijqc,jβ )(dσN cδ ) ,
OuddN = CuddNαβγδ (uαdcβ)(dσN cδ ) ,
(5)
which we are going to neglect here.
In the cases where taking the hermitian conjugate results in only a reordering of
indices, we would like to omit adding the hermitian conjugate to the given operator
and instead impose
CαβγδX = (C
βαδγ
X )
∗ (6)
for X = ll, lq(1), lq(3), le, lu, ld, Ne, Nu, Nd, Nl, Nq. All other four-fermion opera-
tors need explicitly added hermitian conjugates. Concerning the mixed operators, we
introduced hermitian Higgs-derivative terms (following [11])
i(ϕ†D~
~
µϕ) ≡ i
(
ϕ†Dµϕ− (Dµϕ)†ϕ
)
, i(ϕ†D~
~
I
µϕ) ≡ i
(
ϕ†τ IDµϕ− (Dµϕ)†τ Iϕ
)
, (7)
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and take O(1)ϕl ,O(3)ϕl ,OϕN hermitian, i.e.
CαβX = (C
βα
X )
∗ , X = ϕl(1), ϕl(3), ϕN. (8)
2.3 Operator matching
Before trying to match the GNI parameters in (2) and (3) to the Wilson coefficients of
the operators of Tables 4 and 5, it is necessary to discuss the flavour basis in which the
latter are considered. As discussed in [14], the fact that the SM gauge interactions are
invariant under U(3) flavour rotations, while Yukawa matrices and Wilson coefficients
of the dimension-six operators are changed, makes it possible to choose a flavour basis
such that the down-type and the (SM) lepton Yukawa matrices are diagonal. In this
basis, the transformation between flavour (primed) and mass (unprimed) eigenstates
reads
u′L,α = V
†
αβ uL,β , u
′
R,α = uR,α , d
′
L,α = dL,α , d
′
R,α = d
′
R,α , e
′
α = eα , (9)
with the CKM matrix V and explicit chirality indices to distinguish components of
the left-handed quark doublet q and right-handed singlets u and d. This means that,
expanding the operators, wherever a factor of uL appears, a factor of V has to be
inserted when changing to the mass basis. One needs to keep in mind that the following
expressions and bounds depend on this choice of basis. Unlike in the SM, now the CKM
matrix also appears in some neutral currents. For instance, if the left-handed neutral
up quark current is contracted with any matrix C in flavour space, the basis change
leads to
Cαβ u
′
αγ
µPLu
′
β = CαβVγαV
†
βδ uγγ
µPLuδ . (10)
In the SM this current is coupled to the Z boson flavour-diagonally (Cαβ = g
u
Lδαβ),
such that the mixing matrices cancel due their unitarity. However, for general C as
could be induced by SMNEFT operators they do not.
Evaluating the four-fermion operators, we get the leptonic neutral-current contri-
butions shown in the second column of Table 6. Note, however, that the operators Oll
and Ole appearing in the coefficients ǫL,e and ǫR,e also lead to non-standard charged-
lepton interactions and are therefore subject to caution. Therefore we marked them
in red and continue this notation in the following. The semileptonic neutral-current
contributions are listed in the third and fourth columns, respectively. Finally, we col-
lect the charged-current (semileptonic) contributions in Table 7. At this stage we can
already conclude that interesting interrelations of different operators to different co-
efficients not involving dangerous operators are possible only in the leptonic segment
{ǫS/P,e, ǫT,e} and in the semileptonic segment {ǫS/P,u, ǫS/P,d, ǫ˜S,ud, ǫ˜P,ud}. In the other
cases, the correspondence of operators to coefficients is one-to-one in the basis choice
of Table 4. However, typically a mixing between different operators can be induced
when considering RG running. Therefore, the absence of an operator at a certain scale
does not always imply its absence at all scales. In particular, [17] find that the charged-
current (pseudo)scalar and tensor GNI mix as one runs from 2GeV to the weak scale,
8
e u d
−ǫαβγδL,f Cαβγδll + Cγδαβll VγµV †νδ
(
Cαβµνlq(1) + C
αβµν
lq(3)
)
Cαβγδlq(1) − Cαβγδlq(3)
−ǫ˜αβγδL,f CαβγδNl VγµV †νδCαβµνNq CαβγδNq
−ǫαβγδR,f Cαβγδle Cαβγδlu Cαβγδld
−ǫ˜αβγδR,f CαβγδNe CαβγδNu CαβγδNd
−ǫαβγδS,f 12CαβγδNlel + 14CγβαδNlel Vγν(CβαδνlNuq )∗ (CβαδγlNqd )∗
−ǫαβγδP,f 12CαβγδNlel + 14CγβαδNlel −Vγν(CβαδνlNuq )∗ (CβαδγlNqd )∗
−ǫαβγδT,f 18CγβαδNlel 0 (C
′βαδγ
lNqd )
∗
Table 6: Neutral-current general interaction coefficients appearing in (2) and their relation
to the (dimensionless) coefficients of gauge-invariant dimension-six four-fermion operators in
Table 4. The columns relate to f = e, u, d, respectively. The indices α, β = e, µ, τ, and
γ, δ, µ, ν = 1, 2, 3 denote the generation numbers of leptons and quarks. Interactions which
also lead to new interactions among four charged fermions are printed in red.
while the left and right vectors do not mix. A calculation of the RG running of all the
GNI and SMNEFT operators is called for, but beyond the scope of this work. Here,
we will only discuss low-energy (. 2GeV) bounds and note that the extension of the
results to the weak scale and beyond is potentially subject to RG running and operator
mixing.
The additional charged-fermion interactions induced by the operators with coeffi-
cients marked in red above can be summarised as
L =
√
8GF
{
(Cαβγδll + C
γδαβ
ll )(eαγµPLeβ)(eγγ
µPLeδ) + C
αβγδ
le (eαγµPLeβ)(eγγ
µPReδ)
+ VγµV
†
νδ(C
αβµν
lq(1) − Cαβµνlq(3) )(eαγµPLeβ)(uγγµPLuδ) + Cαβγδlu (eαγµPLeβ)(uγγµPRuδ)
+ (Cαβγδlq(1) + C
αβγδ
lq(3) )(eαγµPLeβ)(dγγ
µPLdδ) + C
αβγδ
ld (eαγµPLeβ)(dγγ
µPRdδ)
− V †νδCαβγνeluq (eαPLeβ)(uγPLuδ)− V †νδC
′αβγν
eluq (eασµνPLeβ)(uγσ
µνPLuδ)
+Cαβγδelqd (eαPLeβ)(dγPRdδ)
}
.
(11)
We will discuss, for some examples, how the constraints on these charged-fermion
interactions can be used to place strong indirect bounds on neutrino interactions from
gauge-invariant operators in the next section.
We turn to the mixed operators in Table 5. Below the electroweak scale, the oper-
ators of the form ψ2ϕ2 reduce to corrections to Dirac mass terms of charged leptons
and neutrinos and are therefore uninteresting for our purposes. Up next, the ψ2Xϕ-
type operators modify the couplings of neutrinos and charged leptons to the W and
9
−ǫαβγδL,ud VγνVγδ 2C
αβνδ
lq(3) −ǫ˜αβγδL,ud 0
−ǫαβγδR,ud 0 −ǫ˜αβγδR,ud 1VγδC
αβγδ
eNud
−ǫαβγδS,ud 1Vγδ
(
VγνC
αβνδ
elqd + C
αβγδ
eluq
)
−ǫ˜αβγδS,ud 1Vγδ
(
CαβγδlNuq − VγνCαβνδlNqd
)
−ǫαβγδP,ud 1Vγδ
(
−VγνCαβνδelqd + Cαβγδeluq
)
−ǫ˜αβγδP,ud 1Vγδ
(
CαβγδlNuq + VγνC
αβνδ
lNqd
)
−ǫαβγδT,ud 1VγδC
′αβγδ
eluq −ǫ˜αβγδT,ud −VγνVγδC
′αβνδ
lNqd
Table 7: Charged-current general interaction coefficients appearing in (3) and their relation
to the (dimensionless) coefficients of gauge-invariant dimension-six four-fermion operators in
Table 4. The indices α, β = e, µ, τ, and γ, δ, µ, ν = 1, 2, 3 denote the generation numbers of
leptons and quarks. Interactions which also lead to new interactions among four charged
fermions are printed in red.
Z bosons, as well as the photon. Unless some very precise cancellations appear, be-
tween e.g. CeW and CeB, this leads, for instance, to deviations in QED, which are
extremely constrained. Therefore, from the viewpoint of sizable neutrino interactions,
it is reasonable to focus on the operators of type ψ2ϕ2 which below the weak scale
lead to the modification of the SM couplings to the weak gauge bosons. We skip the
full description and refer to appendix B for details, since for this study we focus on
the four-fermion operators. Let us, however, summarise the key points. Operators
OϕN and OϕNe lead to interactions which are absent in the SM, namely a Z coupling
to right-handed neutrinos, and a right-handed leptonic coupling to W . On the other
hand, Oϕl(1) modifies the left-handed Z coupling of neutrinos and charged leptons,
while Oϕl(3) additionally modifies the leptonic W coupling, both of which are related
to the experimental determination of fundamental SM parameters. Therefore, a de-
tailed discussion the determination of SM parameters in the presence of new physics
would be necessary.
Let us conclude this section by making a few comments about the implications of
our results. First of all, we note that some GNI are impossible to embed in SMNEFT
with four-fermion operators up to dimension six, namely neutral-current tensor interac-
tions with up-type quarks, and the charged-current couplings ǫR,ud and ǫ˜L,ud. Secondly,
and contrary to frequently made assumptions, in general we should expect that the
neutral-current interactions of neutrinos with up-type quarks are different from those
with down-type quarks as becomes clear from Table 6. Finally, since the NSI coeffi-
cients ǫL and ǫR are either zero or accompanied by charged-fermion interactions of the
same strength, they cannot be large (close to the weak scale) from a high-energy EFT
perspective. In this respect, those GNI involving right-handed neutrinos are favored,
however requiring to go beyond SMEFT by introducing at least either a right-handed
Dirac partner for a SM neutrino or a light sterile Majorana neutrino. The only ways
to circumvent these conclusions are to either go to higher order in the EFT expansion,
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or abandon the premiss of the high-energy origin of new physics and introduce new
low-energy physics that non-linearly realises the SM symmetries.
3 Phenomenology
In this section, we investigate some phenomenological implications of the assumption
that new neutrino interactions are induced by the gauge-invariant dimension-six oper-
ators introduced in the previous section. Considering examples, we demonstrate how
the new interactions induced by the “dangerous” operators involving also new charged-
fermion interactions generally have to be very small (much below near-future sensitiv-
ities) to satisfy current bounds. However, the operators involving light right-handed
neutrinos can lead to detectable effects. Note that here we do not consider renor-
malisation group (RG) running of Wilson coefficients as necessary when considering
observables at different energy scales. Instead, we will restrict ourselves to compare
low-energy (. 2GeV) measurements, for instance, beta decays and coherent elastic
neutrino-nucleus scattering (CEνNS). Here, we will not consider reactor neutrino os-
cillation experiments as another source of low-energy data, but refer to [13] for a recent
analysis in the context of SMEFT.
3.1 Implications of charged lepton flavour violation searches
Several experiments are dedicated to the search for the transition from muon to elec-
tron flavour in processes like µ → eee, µ → eγ, or µ → e conversion in nuclei [18, 19].
The maximal size of corresponding neutrino interactions changing from muon to elec-
tron flavour is given by the experimental bounds on charged lepton flavour conversion
under the assumption that both are induced by the dimension-six operators of Table 4.
Thereby we assume contributions from operators of dimension d > 6 to be subdom-
inant. The current single-parameter bounds (90% CL) on the relevant subset of the
dimension-six operators are discussed in the following. We summarise them in Table 8
with respect to GNI coefficients, and in Table 9 with respect to SMNEFT coefficients.
• µ → eee: The relevant coefficients are Cµeeell , Cµeeele and Ceeµele and constrained
to be at most of order 10−6 [19]5 by the results of SINDRUM [20]. Further
improvements by up to two orders of magnitude are expected with the upcoming
Mu3e experiment [21, 22], noting that the branching ratio is proportional to the
operator coefficients squared. This compares to the current direct bounds on NSI
of the order 10−1 on the related coefficients ǫµeeeL,e and ǫ
µeee
R,e from νµe scattering in
CHARM-II [23–25]. Improvements are expected by about an order of magnitude
from νµe scattering data at the DUNE near detector [26]. There are no bounds
implied by µ → eee on the scalar and tensor interactions ǫeµeeS/P/T,e (cf. Table 6),
5Values given therein for Ca at Λ = 1TeV translate to ours by a factor of (
√
8GFTeV
2)−1 ≈ 1/33,
since we normalised our coefficients with respect to the weak scale.
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but the direct bounds from CHARM-II calculated in [8] can be applied, namely
|ǫαµeeT,e | ≤ 0.04, |ǫαµeeS/P,e| ≤ 0.4 for any single α, which is also expected to improve
with DUNE near detector data by a factor of 2-4 [26].
• µ → e in nuclei: The relevant vector-like operators Ceµ11ld,lu have been constrained
in [27] to the order 10−8 employing results of SINDRUM-II [28] on the rate of
µ−Au → e−Au. Extending the results of [27], we apply the formulae of [29]
(Method 1) to constrain also Clq(1), Clq(3), and the coefficients of scalar operators
Celqd and Celuq with index structures eµ11 to all be of order 10
−7. Even stronger
bounds are expected from the Mu2e experiment [30]. This compares to direct
bounds on ǫeµ11L,q and ǫ
eµ11
R,q at the order of 10
−2 from evaluating neutrino-nucleon
scattering data of CHARM and CDHS [2, 31–33]. The scalar charged-current
interactions can be most stringently constrained from pion decay, |Re(ǫeµ11S,ud)| .
10−3, |Re(ǫeµ11P,ud)| . 10−4, where the difference is due to the ratio of π → eν(γ) to
π → µν(γ) being very sensitive to pseudoscalar and axial couplings [33].
• µ → eγ: Through a one-loop diagram, the coefficients Cµµµe,eµµµle and Cµττe,eττµle
contribute to this decay channel. The bounds on these coefficients from MEG [34]
are of the order 10−6-10−7 [19]. The related ǫ-coefficients involve NSI with muons
and taus instead of electrons. We are not aware of a study of quantitative bounds
on this type of interaction.
If we consider operators with tau flavour indices, however, for instance tau decays like
τ → µµµ and τ → eee, constraints are somewhat weaker, but still beyond the typical
sensitivity of neutrino experiments:
• τ → µµµ: The relevant coefficients are Cτµµµll , Cµτµµle , Cµµµτle and constrained to
be at most of order 10−4 by the results of Belle [19, 35]. These operators would
give rise to NSI of neutrinos with muons and taus.
• τ → eee: The relevant coefficients are Cτeeell , Cτeeele , Ceeτele and constrained to
be at most of order 10−4 also by the results of Belle [19, 35]. These give rise, in
particular, to tau-electron flavour-changing NSI with electrons, ǫτeeeL,e , ǫ
τeee
R,e . Direct
bounds on such interactions are at the order of 10−1 coming from e+e− → ννγ
data of LEP [23].
In summary, dimension-six operators that can lead to lepton flavour changing NSI of
the type ǫL/R and exotic charged-current interactions of the type ǫS/P/T,ud of left-handed
neutrinos with the first generations of charged fermions are highly constrained. We
conclude that in neutrino experiments the prospects of detecting exotic (pseudo)scalar
or tensor interactions ǫS/P/T are better in the sense that less of the parameter space is
already ruled out by neutrino-independent measurements. This conclusion relies on the
invoked high-energy origin, and, conversely, the detection of such interactions would
strongly hint towards more exotic new physics scenarios.
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|ǫeµee| or |ǫeµ11| Direct CLFV Operators
ǫL,e 1.3× 10−1 [23] 1.4× 10−6 Oll
ǫR,e 1.3× 10−1 [23] 1.0× 10−6 Ole
ǫL,u 2.3× 10−2 [36] 3.3× 10−7 Olq(1),Olq(3)
ǫL,d 2.3× 10−2 [36] 3.3× 10−7 Olq(1),Olq(3)
ǫR,u 3.6× 10−2 [36] 6.0× 10−8 Olu
ǫR,d 3.6× 10−2 [36] 5.3× 10−8 Old
ǫL,ud 2.6× 10−2 [37] 6.6× 10−7 Olq(3)
Re(ǫS,ud) 8× 10−3 [33] 3.0× 10−8 Oelqd,Oeluq
Re(ǫP,ud) 4× 10−4 [33] 3.0× 10−8 Oelqd,Oeluq
Table 8: Single-parameter bounds (90% CL) on general interaction parameters that are re-
lated to CLFV from muon to electron flavour. The second column lists direct bounds from
neutrino experiments, while the third column features bounds from CLFV searches under the
assumption that the interactions are induced by one of the operators in the fourth column.
Finally, let us remark that considering flavour-conserving coefficients in SMEFT,
a few subtleties become relevant: When interpreting the SM as an EFT, it is in gen-
eral not sufficient to fix SM parameters from measurements and subsequently study
the effect of higher-order operators. Instead, if a SM parameter is determined from
a certain physical process that also has a contribution from new operators, it needs
to be rescaled to include the corresponding Wilson coefficient. As a famous example,
the Fermi constant GF is usually determined by muon decay and as such would in-
clude a contribution from Oeµµell . Since the weak interactions respect lepton flavour,
flavour-diagonal operators are especially prone to being absorbed into definitions of
SM parameters, requiring a global analysis. Such an analysis of all flavour-diagonal
SMEFT four-fermion operators was carried out in [38], to which we refer for details.
Spotlighting neutrino interactions with charged leptons, their results imply typically
order 10−2 bounds, while the strength of neutrino-quark interactions can strongly vary
depending on the direction in parameter space.6
3.2 Exotic interactions in coherent scattering and beta decay
Based on the observation that interesting correlations between the sets of coefficients
{ǫS/P,u, ǫS/P,d, ǫ˜S,ud, ǫ˜P,ud} and {ǫT,d, ǫ˜T,ud} exist, involving the operators OlNuq and
OlNqd, and O′lNqd respectively, we investigate the prospects of observing such corre-
lations between different experiments. Note that by analogy to the operator structure
ǫS,ud, ǫP,ud, ǫT,ud considered in [40], we would expect a mixing of the GNI parameters
when considering RG running although to our knowledge no calculation of those effects
6This study does not yet include the CEνNS results of the COHERENT experiment [39].
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has been performed.7 Clearly, the charged-current operators in (3) would have an effect
on beta decay [40–42]. Taking first-generation indices on the quark side, electron index
for the charged lepton, and only the scalar coefficients, one has
∆LCC = −GFVud√
2
∑
β
(
ǫ˜eβ11S,ud(e(1+ γ
5)Nβ)(ud)− ǫ˜eβ11P,ud(e(1+ γ5)Nβ)(uγ5d)
)
+ h.c.
(12)
This expression would be relevant not only for nuclear beta decays but also for charged
pion decay which indeed yields the strongest direct bound on ǫ˜P,ud, as expanded below.
Excitingly, a new way to probe the neutral-current operators, has recently become
feasible, namely coherent elastic neutrino-nucleus scattering (CEνNS) [43] which was
successfully observed by COHERENT [39] in the partially coherent regime. Reactor
neutrinos are a very interesting source, since they allow to measure this process in the
fully coherent regime, as currently pursued for instance by the CONUS collaboration
[44]. In the context of reactor neutrinos (electron antineutrinos) the sensitivity is also
towards first generations,
∆LNC = −GF√
2
∑
β
ψ=u,d
(
ǫβe11S,ψ (Nβ(1− γ5)νe)(ψψ)− ǫβe11P,ψ (Nβ(1− γ5)νe)(ψγ5ψ)
)
+ h.c.
(13)
The impact of general interactions on the CEνNS cross-sections has been calculated
in [45]. The result of only the (pseudo)scalar and tensor sectors reads
dσ
dT
=
G2FM
4π
(
ξ2S
MT
2E2ν
+ ξ2T
(
1− T
Tmax
+
MT
4E2ν
))
, (14)
where M and T denote the mass and recoil energy of the nucleus, Eν the neutrino
energy, and we neglected terms of higher order in T/Eν . For a nucleus of atomic mass
A and atomic number Z, the parameter ξS is given by
ξ2S = (C
2
S +D
2
P ) , (15)
with [46]
CS ≡
∑
q=u,d
C
(q)
S
[
N
mn
mq
fnTqFn(Q
2) + Z
mp
mq
f pTqFp(Q
2)
]
, (16)
where N = A− Z is the neutron number, Fn and Fp are the appropriate form factors
of neutron and proton (typically assumed to be equal) as functions of energy transfer
Q, and fnTq and f
p
Tq are related to the fraction of nucleon mass the given quark type
7 Interestingly, above the weak scale Oelqd does not mix with Oeluq and O′eluq , which mix among
each other. We expect a similar situation for OlNuq, OlNqd, and O′lNqd, where the latter two are
connected by the fact that they would mix in a Fierz-transformed operator basis.
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contributes and calculated in chiral perturbation theory [47]. The interaction param-
eters C
(q)
j , D
(q)
j are a simple reparametrisation of the ǫj,q, ǫ˜j,q, given by Equation (57)
in appendix A. In particular,
C
(q)
S = ǫS,q + ǫ˜S,q , D
(q)
P = i(ǫ˜S,q − ǫS,q) . (17)
The definition of DP is the same as (16), with C
(q)
S replaced by D
(q)
P . Since we would
like to consider the results of [46], we use the same values for the parameters
f pTu = 0.019 ,
fnTu = 0.023 ,
f pTd = 0.041 ,
fnTd = 0.034 ,
(18)
taken from [48].
The tensor parameter ξT is given by
ξ2T = 8(C
2
T +D
2
T ) , (19)
where
CT = N(δ
n
uC
u
T + δ
n
dC
d
T )Fn(Q
2) + Z(δpuC
u
T + δ
p
dC
d
T )Fp(Q
2) , (20)
with, again, fundamental interaction parameters CqT , D
q
T related to ǫT , ǫ˜T in (57). We
neglect the effect ofDT since it is related to the spin-dependent part of the cross-section
related to ǫT − ǫ˜T , and use for the tensor charges δnq , δpq the same values as in [46],
namely
δpu = 0.54 ,
δnu = −0.23 ,
δpd = −0.23 ,
δnd = 0.54 ,
(21)
taken from [49]. We remark that there are relatively large uncertainties on these
parameters, such that the values we extract below should be interpreted as estimates.
In the following, we compare the sensitivity of beta decay experiments on the in-
teractions (12) to the sensitivity of CEνNS experiments on the interactions in (13),
assuming they are induced by the gauge invariant operators OlNuq, OlNqd, and O′lNqd.
Since the flavour of the outgoing neutrino is not measured in both cases, one may as
well take β = e here, assuming Dirac neutrinos.8 We consider three scenarios, first
the minimal scenario of one non-vanishing scalar operator, second the scenario of both
scalar operators non-vanishing and correlated, and third the scenario of only the tensor
operator O′lNqd.
3.2.1 Single operator lNuq
If we consider only Cee11lNuq non-vanishing, the following simplified relations are derived
from Tables 6 and 7:
ǫ˜ee11S,ud = ǫ˜
ee11
P,ud = −
1
Vud
Cee11lNuq =
1
|Vud|2 (ǫ
ee11
S,u )
∗ = − 1|Vud|2 (ǫ
ee11
P,u )
∗ . (22)
8More generally, β could take any number of indices of light right-handed neutrinos beyond the
SM and we would be sensitive only to the sum.
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To simplify notation, in the following we will drop the ee11-superscript. Using (22)
and assuming Fn = Fp = F , (16) simplifies to
CS = C
(u)
S F (Q
2)
[
N
mn
mu
fnTu + Z
mp
mu
f pTu
]
, (23)
and likewise for D
(u)
P . Since generally ǫ
ee11
S,u = (ǫ˜
ee11
S,u )
∗, we can use (17) to find
C
(u)
S = 2Re(ǫ
ee11
S,u ) , D
(u)
P = 2 Im(ǫ
ee11
S,u ) . (24)
Bounds from the COHERENT experiment have been derived in [46] assuming equal
Helm form factors for proton and neutron. It has been pointed out that this assumption
introduces rather large uncertainties for momentum transfers Q ≥ 20MeV as is the
case of COHERENT, while reactor neutrino experiments such as CONUS are safe from
such large uncertainties [50]. Neglecting those for now, we can estimate the current
bound on ǫee11S,u from the bound on ξS. From [46] we quote
|ξS|/NF (Q2) ≤ 0.62 at 90% CL,
|ξS|/NF (Q2) ≤ 1.065 at 99% CL,
(25)
employing CsI as target material and assuming no lepton flavour dependence, i.e.
ǫee11 = ǫµµ11. Taking N = 77.9, Z = 55 for Caesium nuclei, and N = 73.9, Z = 53 for
Iodine nuclei, we obtain
ξ2S
N2F 2(Q2)
=
∑
i=Cs,I
1
N2i
(
(C
(u)
S )
2 + (D
(u)
P )
2
)[
Ni
mn
mu
fnTu + Zi
mp
mu
f pTu
]2
= 4|ǫee11S,u |2
∑
i=Cs,I
1
N2i
[
Ni
mn
mu
fnTu + Zi
mp
mu
f pTu
]2
,
(26)
which amounts to
|ǫee11S,u | ≤ 0.015 at 90% CL,
|ǫee11S,u | ≤ 0.026 at 99% CL.
(27)
Note that relaxing the assumption of no lepton flavour dependence would weaken
this bound since the majority of neutrinos in the COHERENT beam are of muon
flavour [46]. This would not be the case for the electron-flavoured reactor neutrinos.
Indeed, as an outlook to the near future, we consider that in [45], future bounds are
projected to be ξS/NF ≤ 0.21 at 3σ for a Germanium target and reactor neutrinos.
This translates into
(0.21)2 ≥ ξ2S = 4|ǫee11S,u |2F 2(Q2)
[
N
mn
mu
fnTu + Z
mp
mu
f pTu
]2
, (28)
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and we take also N = 40.6, Z = 32 for Germanium, as well as F 2(Q) = 1, which is
sufficiently accurate for reactor neutrino energies and keV-scale energy transfers. We
find
|ǫee11S,u | ≤ 2× 10−4 . (29)
Next we would like to compare this to the bounds on charged-current interactions. We
quote the low-energy bounds (2GeV) of
|Re(ǫ˜P,ud)|, |Im(ǫ˜P,ud)| ≤ 2.8× 10−4
|ǫ˜S,ud| ≤ 6.3× 10−2
[33],
[40],
(30)
at 90% CL, where the first bound is obtained from the aforementioned ratio between
the rates of pion decay to electron and to muon [33], and the second bound is taken
from a recent global fit of nuclear and neutron beta decay data [40].
The bounds implied for the Wilson coefficient ClNuq only differ by the mixing matrix
correction |Vud| = 0.97420 [51], namely
|ClNuq| ≤ 1.5× 10−2 from CEνNS,
|ClNuq| ≤ 3.9× 10−4 from beta decay,
(31)
at 90% CL, where we quadratically added the bounds on real and imaginary parts (30)
in the second line. So unfortunately with only OlNuq, the Wilson coefficient responsible
for ǫS,u, ǫP,u is constrained to be too small as to be probed in the near future in CEνNS.
According to Table 7, this could be alleviated in the case that also OlNqd is present
with a Wilson coefficient of opposite sign, but similar magnitude. Indeed, we would
conclude
ClNuq ≈ −VudClNqd ⇒ ǫ˜P,ud ≈ 0 , ǫ˜S,ud ≈ − 2
Vud
ClNuq . (32)
One should keep in mind that such a relation, if true at one scale, is expected to be
violated at other scales when considering RG running. Equation (32) would imply
ǫS,d = ǫP,d to be non-vanishing and of the same magnitude, a case which we cover in
the next subsection.
3.2.2 Correlated operators lNuq and lNqd
As discussed in the previous section, a large (& 10−4) magnitude of ǫ˜ee11P,ud is excluded.
Hence Cee11lNuq must be small, unless the relation (32) holds. In this case, we would
conclude that
(ǫ˜ee11S,ud)
∗ ≈ − 2
V ∗ud
(Cee11lNuq)
∗ =
2
|Vud|2 ǫ
ee11
S,u = −
2
|Vud|2 ǫ
ee11
P,u = −2ǫee11S,d = −2ǫee11P,d . (33)
We will again drop the ee11 superscript. This situation should be compared to the new
composition of ξS in coherent scattering. In an analogous calculation to the previous
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subsection, we use
C
(u)
S = 2Re(ǫS,u) = −2Re(VudClNuq) ,
C
(d)
S = 2Re(ǫS,d) = 2Re(V
−1
ud ClNuq) ,
D
(u)
P = 2 Im(ǫS,u) = 2 Im(VudClNuq) ,
D
(d)
P = 2 Im(ǫS,d) = −2 Im(V −1ud ClNuq) ,
(34)
and (25) to obtain
|ClNuq| ≤ 1.8× 10−2 from CEνNS,
|ClNuq| ≤ 3.7× 10−2 from beta decay,
(35)
at 90% CL, where in the second line we also translated the relevant beta decay bounds
from [40] as quoted in (30). This shows that bounds from beta decay and coher-
ent scattering are currently at the same order of magnitude, assuming the scalar-
only charged-current scenario. We estimate the discovery potential at a near-future
Germanium-based reactor experiment as in the previous section by applying the 3σ-
bound of ξS ≤ 0.21 from [45] to the case at hand, (33), and find
|ClNuq| = |V −1ud ǫS,u| = |Vud ǫS,d| ≤ 2.0× 10−4 . (36)
We conclude that there is potential to discover those interactions in future beta decay
surveys and coherent scattering experiments, and that if both are found, that would
constitute a clear hint on the operator structure composed of both OlNuq and OlNqd.
3.2.3 Single operator lNqd′
Analogously to section 3.2.1, we assume only C
′ee11
lNqd to be non-vanishing, which leads
to
ǫee11T,d = −ǫ˜ee11T,ud = −
1
2
Cee11T,ud = −(C
′ee11
lNqd )
∗. (37)
Since there are now only neutral-current interactions with down quarks, (19) reduces
to
ξ2T = 8C
2
T = 8F
2(Q2)(CdT )
2(Nδnd + Zδ
p
d)
2. (38)
Using (57) together with (4), we can relate this to the ǫ coefficients via
Cee11T,u = 2
(
ǫee11T,d + ǫ˜
ee11
T,d
)
= 2
(
ǫee11T,d + (ǫ
ee11
T,d )
∗) = 4Re(ǫee11T,d ) , (39)
to conclude
ξ2T/N
2F 2(Q2) = 128Re
(
ǫee11T,d
)2(
δnd +
Z
N
δpd
)2
. (40)
This enables us to translate the COHERENT bounds of [46], ξT/NF ≤ 0.591 at
90% CL, and ξT/NF ≤ 1.072 at 99% CL to
Re
(
ǫee11T,d
) ≤ 0.098 at 90% CL,
Re
(
ǫee11T,d
) ≤ 0.178 at 99% CL. (41)
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Coefficient |CX| [Λ = v/
√
2] |CX | [Λ = 1TeV] Observable
Cµeeell 7.0× 10−7 2.3× 10−5 [19] µ→ eee [20]
Cµeee,eeµele 1.0× 10−6 3.3× 10−5 [19] µ→ eee [20]
Cτeeell 2.8× 10−4 9.2× 10−3 [19] τ → eee [35]
Cτeee,eeτele 3.9× 10−4 1.3× 10−2 [19] τ → eee [35]
Cτµµµll 2.4× 10−4 7.8× 10−3 [19] τ → µµµ [35]
Cµτµµ,µµµτle 3.3× 10−4 1.1× 10−2 [19] τ → µµµ [35]
Cµµµe,eµµµle 5.5× 10−7 1.8× 10−4 [19] µ→ eγ [34]
Cµττe,eττµle 3.0× 10−7 1.0× 10−5 [19] µ→ eγ [34]
Ceµ11lq(1) 2.9× 10−8 9.4× 10−7 this work µ−Au→ e−Au [28]
Ceµ11lq(3) 3.3× 10−7 1.1× 10−5 this work µ−Au→ e−Au [28]
Ceµ11lu 6.0× 10−8 2.0× 10−6 [27] µ−Au→ e−Au [28]
Ceµ11ld 5.2× 10−8 1.8× 10−6 [27] µ−Au→ e−Au [28]
Ceµ11elqd 2.8× 10−8 9.2× 10−7 this work µ−Au→ e−Au [28]
Ceµ11eluq 3.0× 10−8 9.7× 10−7 this work µ−Au→ e−Au [28]
Cee11lNuq 3.9× 10−4 1.3× 10−2 this work beta decay [41]
Cee11lNqd 4.0× 10−4 1.3× 10−2 this work beta decay [41]
C
′ee11
lNqd 2.4× 10−2 7.9× 10−1 this work beta decay [40]
Table 9: Summary low-energy single-parameter bounds (90% CL) on SM(N)EFT opera-
tors used or obtained in this work. Bounds are given for GNI normalisation Λ = v/
√
2 =
(
√
8GF )
−1/2 and for Λ = 1TeV as usual in SMEFT literature. The upper part corresponds to
CLFV processes discussed in section 3.1, while the lower part corresponds to first-generation
exotic (pseudo)scalar and tensor interactions discussed in section 3.2.
This compares to the current bound from beta decays [40]
|ǫ˜ee11T,ud| ≤ 0.024 at 90% CL, (42)
which is currently stronger by a factor of four. Projecting to near-future reactor-based
Germanium experiments, ξT/NF ≤ 0.25 [45], we find
Re
(
ǫee11T,d
) ≤ 0.062 at 99% CL, (43)
which would be competitive with beta decays. Recall, however, that here we did not
account for uncertainties in the tensor charges δnq and δ
p
q which could weaken this
projection, in particular in the case that δnd is lower than the central value.
4 Leptoquark models as UV completions
Currently there is a renewed interest in TeV-scale leptoquark scenarios mainly inspired
by the mild deviations from the SM expectation of B meson decays, see e.g. [52–
19
55]. They also appear in certain radiative neutrino mass models, e.g. [56–59] and
naturally arise in grand unified theories. Here, we are mainly discussing leptoquarks
to demonstrate that the effective operators of section 2.2 can be generated consistently
in UV complete models.
Including sterile neutrinos, the following general Lagrangian of fermions with pos-
sible scalar and vector leptoquarks can be obtained, which includes a few additional
options with respect to the list in [60]. Like therein, we distinguish leptoquarks with
fermion number F = 3B + L = 0 and F = 2, where B denotes baryon number and L
denotes lepton number:
LF=2 =
(
s1L qciτ2l + s1e ucReR + s1N d
c
RN
)
S1
+ s′1 d
c
Re S
′
1 + s
′′
1 u
c
RN S
′′
1 + s3q
ciτ2~τl ~S3
+
(
v2R qc
i
γµeR + v2L d
c
Rγµl
i
)
ǫijV
µ,j
2
+
(
v′2R qc
i
γµN + v
′
2L u
c
Rγµl
i
)
ǫijV
µ,j
2
′
+ h.c.,
(44)
LF=0 =
(
r2R q
jeR + r2L uR l
iǫij
)
Rj2
+
(
r′2L dR l
iǫij + r
′
2R q
jN
)
Rj2
′
+
(
u1L qγµl + u1de dRγµeR + u1uN uRγµN
)
Uµ1
+ u′1 uRγµeR U
µ
1
′
+ u′′1 dRγµN U
µ
1
′′
+ u3 q ~τγµ l ~U
µ
3 + h.c.
(45)
With respect to [60], the identification reads
S1, S
′
1, S3, V2, V
′
2 , R2, R
′
2, U1, U
′
1, U3 ←→ S1, S˜1, S3, V2, V˜2, R2, R˜2, U1, U˜1, U3 , (46)
while S ′′1 and U
′′
1 are new. We list their quantum numbers in Table 10. In general (not
assuming baryon number conservation), there are additional couplings to be considered
for some leptoquarks:
L∆BF=2 = s1Bqiτ2qcS1 + s′1BuucS ′1 + s′′1BddcS ′′1
+ s3Bq~τiτ2q
c~S3 + qγµu
cV µ2 + qγµd
cV µ2
′
,
(47)
which, together with (44) may lead to proton decay, such that to avoid strong bounds
usually baryon number conservation is assumed.9 Assuming large masses, those lep-
toquarks can potentially lead to the operators in Table 4 after integrating them out.
We will not discuss all details, but list which leptoquarks can lead to which operators,
assuming only one leptoquark type being present at a time, in the rightmost column
of Table 10.
We would like to draw attention to a particular combination of two leptoquarks. It
has been found that, on the one hand, introducing S1 (or S3) and R
′
2 can explain B
9Of course, if one took only the couplings of (47) and not of (44), one could assign definite baryon
numbers to the new fields and recover baryon number conservation. Since then there are no couplings
to leptons, however, we are not interested in this case.
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F Spin SU(3)C SU(2)L U(1)Y Dimension-6 operators
S1 −2 0 3 1 2/3 O(1)lq ,ONd,OlNqd,O′lNqd,
Oeluq,OeNud
S ′1 −2 0 3 1 8/3
S ′′1 −2 0 3 1 −4/3 ONu
S3 −2 0 3 3 2/3 O(3)lq
V2 −2 1 3 2 5/3 Old,Oelqd
V ′2 −2 1 3 2 −1/3 ONq,Olu,OlNuq
R2 0 0 3 2 7/3 Olu,Oeluq
R′2 0 0 3 2 1/3 Old,ONq,OlNqd,O′lNqd
U1 0 1 3 1 4/3 O(1)lq ,ONu,Oelqd,OlNuq,OeNud
U ′1 0 1 3 1 10/3
U ′′1 0 1 3 1 −2/3 ONd
U3 0 1 3 3 4/3 O(3)lq
Table 10: Coupling constants and operators appearing in generic neutral-current (2) and
charged-current Lagrangians (3).
physics anomalies, and on the other hand radiative neutrino masses could be generated
at one-loop level [61], where the couplings of (47) are avoided by assuming baryon
number conservation. This is possible because the particular quantum numbers allow
for a coupling term
L = µS1φ†R′2 , (48)
and similarly for S3. In fact this is the only combination of two scalar (color-triplet)
leptoquarks that can generate radiative neutrino masses without a second copy that
appears in a 3-leptoquark coupling [59].10 Considering (44) and (45), the only other
combination which admits a one-loop neutrino mass via a coupling like (48) is consti-
tuted by the two vectors U1 and V
′
2 , as discussed in [57].
Now it is an interesting observation that it is exclusively S1 and R
′
2 that potentially
produce the operatorsOlNqd andO′lNqd responsible for ǫ˜S/P/T,ud and ǫS/P/T,d. Meanwhile
the other combination, U1 and V
′
2 are the only ones giving rise to the operator OlNuq
responsible for ǫ˜S/P,ud and ǫS/P,u. Namely, it is precisely the leptoquarks that are able to
produce radiative neutrino masses which can produce those semileptonic (pseudo)scalar
and tensor operators that are safe from constraints from charged-lepton interactions
(the operators in Table 6 and Table 7 not printed in red).
Let us expand on this further by trying to recover the GNI scenarios of section 3.2.
Integrating out an S1 leptoquark and Fierz transforming the resulting expression pro-
10If one admits sextet leptoquarks, there is the further possibility of combining S1 with a (6,1,4/6)
representation as discussed in [58].
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duces the operators OlNqd and O′lNqd with
Cee11lNqd = 4C
′ee11
lNqd ∼
(s1e1L)
∗
s1e1N√
8GF m
2
S1
∼ 10−4s1e1N , (49)
where we use s∗1L ∼ 10−3 and m2S1 ∼ 1TeV motivated by the radiative neutrino
mass scenario in [61]. This corresponds to a scenario similar to the one described
in section 3.2.1, just with ClNqd taking the role of ClNuq, combined with the scenario of
section 3.2.3. Applying the direct bounds (30) and (42) from beta decay on ǫ˜ee11P,ud and
ǫ˜ee11T,ud we can cast the experimental bounds
11
|Cee11lNqd| ≤ 4.0× 10−4 ,
|C ′ee11lNqd | ≤ 2.4× 10−2 .
(50)
Hence, with an order one or smaller coupling s1,N of sterile neutrinos to S1, this scenario
can plausibly generate pseudoscalar neutrino interactions which are compatible with
current beta decay bounds but close enough to be potentially detectable in the near
future. On the other hand, at the same time the tensor interactions would then also
be of order 10−4 and thus two orders of magnitude below the current limit (42).
The setup described in section 3.2.2 with both ClNqd and ClNuq being larger order
than 10−4 and cancelling in ǫ˜ee11P is very unlikely to be realised together with the
radiative neutrino masses due to (49). However, if we abandon the requirement that
radiative neutrino masses are produced by the same leptoquark as the GNI, the two-
operator scenario of section 3.2.2 can in principle be realised with suitable couplings
of e.g. S1 and V
′
2 .
5 Conclusions
In this article, we investigated General Neutrino Interactions as parametrised in Eqs.
(2, 3), which describe all possible Lorentz-invariant neutral- and charged-current in-
teractions with other SM fermions. We discussed the properties of those interactions
under the assumption that they originate from gauge invariant dimension-six operators
composed of four SM fermion representations and (light) sterile neutrinos. Those op-
erators parametrise heavy new physics above the weak scale. We found that almost all
General Neutrino Interaction parameters can be generated in this way, in contrast to
SMEFT without sterile neutrinos. Considering phenomenological aspects, we demon-
strated that, in this framework, constraints on CLFV forbid sizable neutrino flavour
changing vector-like interactions, while some chirality flipping scalar- and tensor-like
interactions are still viable. On the other hand, we showed that there can be inter-
esting and potentially detectable correlations between scalar and tensor interactions
11Strictly speaking those bounds are obtained assuming only one GNI parameter at a time, but we
assume here that their measurements are sufficiently independent.
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of neutrinos with the first generation of quarks. In particular, the same operators can
generate neutral-current interactions detectable in CEνNS, and charged-current inter-
actions detectable in beta decays. Finally, we discussed that the operators responsible
for GNI can originate in UV-complete models from heavy leptoquarks.
We conclude that viable scenarios implying new neutrino interactions of scalar and
tensor type detectable at low-energy experiments exist. At the same time vector-like
NSI are generally constrained below near-future detector reach in SMEFT scenarios.
In phenomenological analyses of low-energy data, all GNI should be included.
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A General neutral-current interactions
In this section, for convenience and future reference, we list, for both common parametri-
sations of general neutral-current neutrino interactions, the parameters and numbers
of degrees of freedom in general, in the case of Majorana neutrinos, and in the case of
CP symmetry. As the epsilon parametrisation we refer to
L = −GF√
2
∑
α,β,γ,δ
10∑
j=1
(
(∼)j
ǫ
)
αβγδ
(ναOjνβ)
(
f γO′jfδ
)
, (51)
with operators explained in Table 2. As the CD parametrisation we refer to the equiv-
alent formulation
L = −GF√
2
∑
a=S,P,V,A,T
(να Γ
aνβ)
(
fγΓ
a(Caαβγδ +D
a
αβγδiγ
5)fδ
)
, (52)
where the five possible independent combinations of Dirac matrices are defined as
Γa ∈ {1, iγ5, γµ, γµγ5, σµν} , (53)
and the ten coefficients Caαβγδ and
Daαβγδ ≡
{
D
a
αβγδ (a = S, P, T )
iD
a
αβγδ (a = V,A)
(54)
obey the relations stated below. Note that
γ0(Γa)†γ0 = Γa , (55)
such that (
ψαΓ
aψβ
)†
= ψβΓ
aψα (56)
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for generic Dirac spinors ψα, ψβ . The two parametrisations are related by
ǫL =
1
4
(
CV −DV + CA −DA) ,
ǫR =
1
4
(
CV +DV − CA −DA) ,
ǫS =
1
2
(
CS + iDP
)
,
−ǫP = 1
2
(
CP + iDS
)
,
ǫT =
1
4
(
CT − iDT ) ,
ǫ˜L =
1
4
(
CV −DV − CA +DA) ,
ǫ˜R =
1
4
(
CV +DV + CA +DA
)
,
ǫ˜S =
1
2
(
CS − iDP) ,
−ǫ˜P = 1
2
(−CP + iDS) ,
ǫ˜T =
1
4
(
CT + iDT
)
,
(57)
where flavour indices are suppressed. Note that the relation between the two parametri-
sations is the same for charged-current interactions.
The following properties of the coefficients under particular assumptions can be
straightforwardly derived.
1. In general: (810 real parameters)
ǫjαβγδ = ǫ
j∗
βαδγ , j = L,R, L˜, R˜ ,
ǫSαβγδ = ǫ˜
S∗
βαδγ ,
ǫPαβγδ = −ǫ˜P∗βαδγ ,
ǫTαβγδ = ǫ˜
T∗
βαδγ ,
Caαβγδ = C
a∗
βαδγ ,
Daαβγδ = D
a∗
βαδγ .
(58)
2. CP invariance: (423 real parameters)
ǫjαβγδ ∈ R ∀j,
ǫjαβγδ = ǫ
j
βαδγ j = L,R, L˜, R˜ ,
Caαβγδ ∈ R ∀a,
Daαβγδ ∈ R , a = V,A ,
Daαβγδ ∈ iR , a = S, P, T .
(59)
3. Majorana neutrinos: (432 real parameters)
ǫjαβγδ = −ǫ˜jβαγδ , j = L,R
ǫkαβγδ = ǫ
k
βαγδ , k = S, P
ǫTαβγδ = −ǫTβαγδ .
Caαβγδ = C
a
βαγδ ,
Daαβγδ = D
a
βαγδ , a = S, P, A ,
Cbαβγδ = −Cbβαγδ ,
Dbαβγδ = −Dbβαγδ , b = V, T .
(60)
B Details on the Higgs-fermion operators
In this section, we summarise the effects of the mixed operators in the third col-
umn of Table 5. If the operators are evaluated at the Higgs vacuum expectation
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value, one finds the following modified weak interaction Lagrangians,
LZ = − g
2cW
Zµj
µ
Z , (61)
LW = − g
2
√
2
Wµj
µ
W + h.c., (62)
where g denotes the SU(2)L gauge coupling and cW the cosine of the weak mixing
angle. The modified currents read
jµZ =
(
δαβ − 2Cαβϕl(1) + 2Cαβϕl(3)
)
ναγ
µνβ − 2CαβϕNNαγµNβ
+
(
(−1 + 2s2W )δαβ − 2Cαβϕl(1) − 2Cαβϕl(3)
)
eαγ
µPLeβ (63)
+ 2s2W δ
αβeαγ
µPReβ + j
µ
Z,q ,
jµW = (2δ
αβ + 4Cαβϕl(3))ναγ
µPLeβ + 2C
αβ
ϕNeNαγ
µPReβ + j
µ
W,q , (64)
and we included all SM contributions, jZ,q and jW,q denoting the SM quark cur-
rents. Note that two distinctively new features arise, namely a right-handed
charged-current coupling toW , and a right-handed neutrino neutral-current cou-
pling to Z.
These modified couplings result in the following low-energy four-fermion interac-
tion parameters (at first order in operator coefficients). It is useful to employ the
SM gauge boson couplings
geL = −
1
2
+ s2W ,
geR = s
2
W ,
guL =
1
2
− 2
3
s2W ,
guR = −
2
3
s2W ,
gdL = −
1
2
+
1
3
s2W ,
gdR =
1
3
s2W .
(65)
Due to possible Fierz transformations, the left-handed electron coupling has sev-
eral contributions,
ǫαβγδL,e = 2δ
αδCγβϕl(3) + 2C
αδ
ϕl(3)δ
γβ
− δαβ
(
Cγδϕl(1) + C
γδ
ϕl(3)
)
− 2geLδγδ
(
Cαβϕl(1) − Cαβϕl(3)
)
.
(66)
The left-handed quark neutral-current coupling and the right-handed neutral-
current couplings to f = u, d, e arise simply (and all simultaneously) from the
modified Z coupling of neutrinos,
ǫαβγδL,q = 2g
q
Lδ
γδ
(
Cαβϕl(3) − Cαβϕl(1)
)
,
ǫαβγδR,f = 2g
f
Rδ
γδ
(
Cαβϕl(3) − Cαβϕl(1)
)
,
(67)
where q = u, d. Also simultaneously the modified Z coupling induced by OϕN
results in
ǫ˜αβγδL,f = −2gfLδγδCαβϕN ,
ǫ˜αβγδR,f = −2gfRδγδCαβϕN .
(68)
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The right-handed W coupling induced by OϕNe implies
ǫαβγδS,e = ǫ
αβγδ
P,e = 2δ
βγCαδϕNe ,
ǫ˜αβγδL,ud = (C
βα
ϕNe)
∗δγδ,
(69)
and finally another semileptonic charged-current term arises,
ǫαβγδL,ud = 2δ
γδ(Cβαϕl(3))
∗. (70)
We note that besides the neutrino interactions, the left-handed electron coupling
to Z is affected by two operators, namely
LZe = − g
2cW
Zµj
µ
Ze
′ = − g
2cW
Zµ
(
2geLδ
αβ − 2Cαβϕl(1) − 2Cαβϕl(3)
)
eαγ
µPLeβ
≡ − g
2cW
Zµ (2g
e
L
′)αβeαγ
µPLeβ ,
(71)
i.e. geL gets replaced by a flavour dependent coupling (g
e
L
′)αβ in all neutral-current
fermionic interactions. Note also, however, that a cancellation of Wilson coeffi-
cients may suppress this modified coupling.
References
[1] T. Ohlsson, “Status of non-standard neutrino interactions,”
Rept. Prog. Phys. 76 (2013) 044201, arXiv:1209.2710 [hep-ph].
[2] Y. Farzan and M. Tortola, “Neutrino oscillations and Non-Standard
Interactions,” Front.in Phys. 6 (2018) 10, arXiv:1710.09360 [hep-ph].
[3] E. E. Jenkins, A. V. Manohar, and P. Stoffer, “Low-Energy Effective Field
Theory below the Electroweak Scale: Operators and Matching,”
JHEP 03 (2018) 016, arXiv:1709.04486 [hep-ph].
[4] T. D. Lee and C.-N. Yang, “Question of Parity Conservation in Weak
Interactions,” Phys. Rev. 104 (1956) 254–258.
[5] P. D. Bolton and F. F. Deppisch, “Probing Non-Standard Lepton Number
Violating Interactions in Neutrino Oscillations,” arXiv:1903.06557 [hep-ph].
[6] S. P. Rosen, “Analog of the Michel Parameter for Neutrino - Electron Scattering:
A Test for Majorana Neutrinos,” Phys. Rev. Lett. 48 (1982) 842.
[7] B. Kayser and R. E. Shrock, “Distinguishing Between Dirac and Majorana
Neutrinos in Neutral Current Reactions,” Phys. Lett. 112B (1982) 137–142.
26
[8] W. Rodejohann, X.-J. Xu, and C. E. Yaguna, “Distinguishing between Dirac and
Majorana neutrinos in the presence of general interactions,”
JHEP 05 (2017) 024, arXiv:1702.05721 [hep-ph].
[9] X.-J. Xu, “Tensor and scalar interactions of neutrinos may lead to observable
neutrino magnetic moments,” Phys. Rev. D99 no. 7, (2019) 075003,
arXiv:1901.00482 [hep-ph].
[10] W. Buchmuller and D. Wyler, “Effective Lagrangian Analysis of New
Interactions and Flavor Conservation,” Nucl. Phys. B268 (1986) 621–653.
[11] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, “Dimension-Six Terms
in the Standard Model Lagrangian,” JHEP 10 (2010) 085,
arXiv:1008.4884 [hep-ph].
[12] I. Brivio and M. Trott, “The Standard Model as an Effective Field Theory,”
Phys. Rept. 793 (2019) 1–98, arXiv:1706.08945 [hep-ph].
[13] A. Falkowski, M. Gonza´lez-Alonso, and Z. Tabrizi, “Reactor neutrino oscillations
as constraints on Effective Field Theory,” arXiv:1901.04553 [hep-ph].
[14] V. Cirigliano, J. Jenkins, and M. Gonzalez-Alonso, “Semileptonic decays of light
quarks beyond the Standard Model,” Nucl. Phys. B830 (2010) 95–115,
arXiv:0908.1754 [hep-ph].
[15] W. Altmannshofer, M. Tammaro, and J. Zupan, “Non-standard neutrino
interactions and low energy experiments,” arXiv:1812.02778 [hep-ph].
[16] Y. Liao and X.-D. Ma, “Operators up to Dimension Seven in Standard Model
Effective Field Theory Extended with Sterile Neutrinos,”
Phys. Rev. D96 no. 1, (2017) 015012, arXiv:1612.04527 [hep-ph].
[17] M. Gonza´lez-Alonso, J. Martin Camalich, and K. Mimouni,
“Renormalization-group evolution of new physics contributions to (semi)leptonic
meson decays,” Phys. Lett. B772 (2017) 777–785,
arXiv:1706.00410 [hep-ph].
[18] A. de Gouveˆa and P. Vogel, “Lepton flavor and number conservation, and
physics beyond the standard model,”
Progress in Particle and Nuclear Physics 71 (2013) 75 – 92.
[19] L. Calibbi and G. Signorelli, “Charged Lepton Flavour Violation: An
Experimental and Theoretical Introduction,”
Riv. Nuovo Cim. 41 no. 2, (2018) 71–174, arXiv:1709.00294 [hep-ph].
[20] SINDRUM Collaboration, U. Bellgardt et al., “Search for the Decay
µ+ → e+e+e−,” Nucl. Phys. B299 (1988) 1–6.
27
[21] A. Blondel et al., “Research Proposal for an Experiment to Search for the Decay
µ→ eee,” arXiv:1301.6113 [physics.ins-det].
[22] Mu3e Collaboration, A.-K. Perrevoort, “The Rare and Forbidden: Testing
Physics Beyond the Standard Model with Mu3e,” in 15th International
Workshop on Tau Lepton Physics (TAU2018) Amsterdam, Netherlands,
September 24-28, 2018. arXiv:1812.00741 [hep-ex].
[23] J. Barranco, O. G. Miranda, C. A. Moura, and J. W. F. Valle, “Constraining
non-standard neutrino-electron interactions,” Phys. Rev. D77 (2008) 093014,
arXiv:0711.0698 [hep-ph].
[24] CHARM-II Collaboration, P. Vilain et al., “Measurement of differential
cross-sections for muon-neutrino electron scattering,”
Phys. Lett. B302 (1993) 351–355.
[25] CHARM-II Collaboration, P. Vilain et al., “Precision measurement of
electroweak parameters from the scattering of muon-neutrinos on electrons,”
Phys. Lett. B335 (1994) 246–252.
[26] I. Bischer and W. Rodejohann, “General Neutrino Interactions at the DUNE
Near Detector,” Phys. Rev. D99 no. 3, (2019) 036006,
arXiv:1810.02220 [hep-ph].
[27] F. Feruglio, P. Paradisi, and A. Pattori, “Lepton Flavour Violation in Composite
Higgs Models,” Eur. Phys. J. C75 no. 12, (2015) 579,
arXiv:1509.03241 [hep-ph].
[28] SINDRUM II Collaboration, W. H. Bertl et al., “A Search for muon to
electron conversion in muonic gold,” Eur. Phys. J. C47 (2006) 337–346.
[29] R. Kitano, M. Koike, and Y. Okada, “Detailed calculation of lepton flavor
violating muon electron conversion rate for various nuclei,”
Phys. Rev. D66 (2002) 096002, arXiv:hep-ph/0203110 [hep-ph]. [Erratum:
Phys. Rev.D76,059902(2007)].
[30] Mu2e Collaboration, L. Bartoszek et al., “Mu2e Technical Design Report,”
arXiv:1501.05241 [physics.ins-det].
[31] CHARM Collaboration, J. V. Allaby et al., “A Precise Determination of the
Electroweak Mixing Angle from Semileptonic Neutrino Scattering,”
Z. Phys. C36 (1987) 611.
[32] A. Blondel et al., “Electroweak Parameters From a High Statistics Neutrino
Nucleon Scattering Experiment,” Z. Phys. C45 (1990) 361–379.
28
[33] V. Cirigliano, S. Gardner, and B. Holstein, “Beta Decays and Non-Standard
Interactions in the LHC Era,” Prog. Part. Nucl. Phys. 71 (2013) 93–118,
arXiv:1303.6953 [hep-ph].
[34] MEG Collaboration, A. M. Baldini et al., “Search for the lepton flavour
violating decay µ+ → e+γ with the full dataset of the MEG experiment,”
Eur. Phys. J. C76 no. 8, (2016) 434, arXiv:1605.05081 [hep-ex].
[35] K. Hayasaka et al., “Search for Lepton Flavor Violating Tau Decays into Three
Leptons with 719 Million Produced Tau+Tau- Pairs,”
Phys. Lett. B687 (2010) 139–143, arXiv:1001.3221 [hep-ex].
[36] F. J. Escrihuela, M. Tortola, J. W. F. Valle, and O. G. Miranda, “Global
constraints on muon-neutrino non-standard interactions,”
Phys. Rev. D83 (2011) 093002, arXiv:1103.1366 [hep-ph].
[37] C. Biggio, M. Blennow, and E. Fernandez-Martinez, “General bounds on
non-standard neutrino interactions,” JHEP 08 (2009) 090,
arXiv:0907.0097 [hep-ph].
[38] A. Falkowski, M. Gonza´lez-Alonso, and K. Mimouni, “Compilation of low-energy
constraints on 4-fermion operators in the SMEFT,” JHEP 08 (2017) 123,
arXiv:1706.03783 [hep-ph].
[39] COHERENT Collaboration, D. Akimov et al., “Observation of Coherent
Elastic Neutrino-Nucleus Scattering,” Science 357 no. 6356, (2017) 1123–1126,
arXiv:1708.01294 [nucl-ex].
[40] M. Gonzalez-Alonso, O. Naviliat-Cuncic, and N. Severijns, “New physics
searches in nuclear and neutron β decay,”
Prog. Part. Nucl. Phys. 104 (2019) 165–223, arXiv:1803.08732 [hep-ph].
[41] V. Cirigliano, S. Gardner, and B. Holstein, “Beta Decays and Non-Standard
Interactions in the LHC Era,” Prog. Part. Nucl. Phys. 71 (2013) 93–118,
arXiv:1303.6953 [hep-ph].
[42] P. O. Ludl and W. Rodejohann, “Direct Neutrino Mass Experiments and Exotic
Charged Current Interactions,” JHEP 06 (2016) 040,
arXiv:1603.08690 [hep-ph].
[43] D. Z. Freedman, “Coherent Neutrino Nucleus Scattering as a Probe of the Weak
Neutral Current,” Phys. Rev. D9 (1974) 1389–1392.
[44] W. Maneschg, “The status of conus,” in NEUTRINO 2018, Heidelberg,
Germany, June 4-9, 2018. https://doi.org/10.5281/zenodo.1286927.
29
[45] M. Lindner, W. Rodejohann, and X.-J. Xu, “Coherent Neutrino-Nucleus
Scattering and new Neutrino Interactions,” JHEP 03 (2017) 097,
arXiv:1612.04150 [hep-ph].
[46] D. Aristizabal Sierra, V. De Romeri, and N. Rojas, “COHERENT analysis of
neutrino generalized interactions,” Phys. Rev. D98 (2018) 075018,
arXiv:1806.07424 [hep-ph].
[47] H.-Y. Cheng, “Low-energy interactions of scalar and pseudoscalar higgs bosons
with baryons,” Physics Letters B 219 no. 2, (1989) 347 – 353.
[48] G. Jungman, M. Kamionkowski, and K. Griest, “Supersymmetric dark matter,”
Phys. Rept. 267 (1996) 195–373, arXiv:hep-ph/9506380 [hep-ph].
[49] M. Anselmino, M. Boglione, U. D’Alesio, A. Kotzinian, F. Murgia, A. Prokudin,
and S. Melis, “Update on transversity and Collins functions from SIDIS and e+
e- data,” Nucl. Phys. Proc. Suppl. 191 (2009) 98–107,
arXiv:0812.4366 [hep-ph].
[50] D. Aristizabal Sierra, J. Liao, and D. Marfatia, “Impact of form factor
uncertainties on interpretations of coherent elastic neutrino-nucleus scattering
data,” arXiv:1902.07398 [hep-ph].
[51] Particle Data Group Collaboration, M. Tanabashi et al., “Review of Particle
Physics,” Phys. Rev. D98 no. 3, (2018) 030001.
[52] M. Bauer and M. Neubert, “Minimal Leptoquark Explanation for the RD(∗), RK ,
and (g − 2)g Anomalies,” Phys. Rev. Lett. 116 no. 14, (2016) 141802,
arXiv:1511.01900 [hep-ph].
[53] D. Becˇirevic´, S. Fajfer, N. Kosˇnik, and O. Sumensari, “Leptoquark model to
explain the B-physics anomalies, RK and RD,”
Phys. Rev. D94 no. 11, (2016) 115021, arXiv:1608.08501 [hep-ph].
[54] A. Angelescu, D. Becˇirevic´, D. A. Faroughy, and O. Sumensari, “Closing the
window on single leptoquark solutions to the B-physics anomalies,”
JHEP 10 (2018) 183, arXiv:1808.08179 [hep-ph].
[55] J. Heeck and D. Teresi, “Pati-Salam explanations of the B-meson anomalies,”
JHEP 12 (2018) 103, arXiv:1808.07492 [hep-ph].
[56] K. S. Babu and C. N. Leung, “Classification of effective neutrino mass
operators,” Nucl. Phys. B619 (2001) 667–689,
arXiv:hep-ph/0106054 [hep-ph].
[57] F. F. Deppisch, S. Kulkarni, H. Pa¨s, and E. Schumacher, “Leptoquark patterns
unifying neutrino masses, flavor anomalies, and the diphoton excess,”
Phys. Rev. D94 no. 1, (2016) 013003, arXiv:1603.07672 [hep-ph].
30
[58] W.-F. Chang, S.-C. Liou, C.-F. Wong, and F. Xu, “Charged Lepton Flavor
Violating Processes and Scalar Leptoquark Decay Branching Ratios in the
Colored Zee-Babu Model,” JHEP 10 (2016) 106, arXiv:1608.05511 [hep-ph].
[59] C. Klein, M. Lindner, and S. Ohmer, “Minimal Radiative Neutrino Masses,”
JHEP 03 (2019) 018, arXiv:1901.03225 [hep-ph].
[60] W. Buchmuller, R. Ruckl, and D. Wyler, “Leptoquarks in Lepton - Quark
Collisions,” Phys. Lett. B191 (1987) 442–448. [Erratum: Phys.
Lett.B448,320(1999)].
[61] O. Cata and T. Mannel, “Linking lepton number violation with B anomalies,”
arXiv:1903.01799 [hep-ph].
31
